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Introduction 44
blood draining effects across cortical depth to explain some of these differences. 69
To date, however, there is no characterization that features the complete 70 spatiotemporal structure of the BOLD response, that is both tangential and 71 perpendicular to the cortical surface. 72
73
Here we measure the HRF in primary visual cortex using high-resolution fMRI 74 and quantify how the response changes in time and space, both tangential to the 75 cortical surface and through the depth of cortex. This constitutes the first 76 characterization of the spatiotemporal HRF that can be used for depth-dependent 77 functional imaging of human cortex. 78
79
We also relate our empirical measurements to a recent physiologically-based 80 model of the HRF (Drysdale et al., 2010 ) that approximates cortical tissue as a 81 porous elastic medium enabling the hemodynamics to be explained in a 82 continuous mean-field manner. An important finding from this work was that 83 waves of hemodynamic activity were predicted and supported by results in 84 primary visual cortex (Aquino et al., 2012) . These waves couple space and time, 
Overview

96
To measure the spatiotemporal structure of the HRF we combined sub-millimeter 97 MRI with an experimental design to maximize the spatial and temporal resolution 98 of our data (0.8 mm isotropic resolution, 500 ms effective sampling rate). 99
Exploiting the organization of primary visual cortex (Schira et al., 2010) we used 100 a visual stimulus (Fig. 1A ) that elicits a thin line of cortical activation stretching 101 across V1 (Fig. 1B) . To investigate the spatiotemporal structure of the HRF 102 tangential to the cortical surface we sampled the temporal fMRI response as a 103 function of the distance from the center of activation (Fig. 1C) . To quantify how 104 the response varies perpendicular to the surface this was done at a series of 105 different cortical depths. For these last two steps, we implemented a custom, 106 surface-based sampling method. 107 Zoomed region shows primary visual cortex, V1. Distance from the center of 112 activation elicited by the stimulus is color-coded. C. Spatiotemporal HRF plot 113 illustrating the structure of the HRF parallel to the surface. x is the distance from 114 the center of activation, where positive is toward the periphery and negative is 115 toward the fovea. The color indicates BOLD signal amplitude (%). 116 117
Subjects
118
Six subjects (2 female; 22-35 years, mean 27 years) with normal or corrected-to-119 normal vision and no history of neurological or psychiatric diseases participated. 120
The experiment was conducted with the written consent of each subject and was 121 Functional data were slice time corrected using SPM8. Motion correction was 160 performed using a two-step procedure in which head motion vectors were first 161 estimated using SPM8. These vectors were then low-pass filtered (cut-off 45 162 seconds) and then applied to the EPI volume time series. This prevented strong 163 BOLD signal modulations present in the high-resolution EPI data from affecting 164 the motion correction (Schira et al., 2010) . Using custom MATLAB scripts and 165 the mrVista Toolbox (http://white.stanford.edu/software/), the data were aligned 166 and interpolated (trilinear) to match the space defined by the anatomical data 167 (see Inline Supplementary Fig. S1 ). The time series for each voxel was low-pass 168 filtered using a third order Butterworth filter with a frequency cutoff at 0.1 Hz. 169 170
Visual paradigm
171
Visual stimulation was presented on a white screen using an LCD projector and 172 viewed using a mirror mounted on the head coil. The display extended to 15 o 173 eccentricity. The stimulus was designed and presented using Psychtoolbox 174 version 3 (Brainard, 1997; Pelli, 1997) . 175
176
The stimulus used (Fig. 1A) consisted of a very thin (1 pixel), black and white 177 flickering (250 ms contrast reversal) ring stimulus with a radius of 2 degrees 178 ('ON' for 4 seconds) that alternated with a uniform gray field ('OFF' for 16.5 s). 179
The stimulus timing was designed to elicit robust BOLD response while avoiding 180 nonlinearities in the BOLD signal known to be elicited by very brief ON periods 181 centerline node and at least one surface node in each direction away from the 259 centerline. These averaged responses were then used to compute a contour plot 260 (Fig. 1C ) that shows the structure of the HRF tangential to the cortical surface in 261 which distance from the centerline is represented along the x-axis (negative 262 refers to distance towards the fovea, that is roughly towards the posterior of the 263 brain and positive signifies distance toward the periphery of the retinotopic map, 264 that is roughly anterior), time is represented along the y-axis, and color 265 represents BOLD amplitude. Note that the information included in a typical, 266 temporal HRF profile is represented in our spatiotemporal profile. Rather than 267 represent time on the x-axis and amplitude on the y-axis, time is represented on 268 the y-axis and amplitude as color (see Inline Supplementary Fig. S2 ). The spatial 269 range (i.e., the x-axis limits) was chosen to exclude interference from other 270 sources. Individual HRF profile plots were constructed for each laminar surface 271 (e.g. Fig. 2, right) . Group-averaged spatiotemporal HRF profile plots were 272 constructed ( where A is the peak signal amplitude, x 0 is the spatial location of the peak of 284 activation, and ‫ݔ∆‬ is the full-width-at-half-maximum (FWHM) of the Gaussian 285 function. As the time to peak varied slightly across subjects, the response peaks 286 between 5-6 s following stimulus onset were used. The parameters were fitted 287 using the Trust-Region algorithm implemented in MATLAB's fit function. where S is the signal, k is the wave number, ν is the wave velocity, and Γ is the a local mode which is a temporal mode that is non-propagating, and a 305 propagating mode which encompasses the propagation due to hemodynamic 306
waves. Thus to ensure we capture the propagating mode only, we calculated 307 these wave fronts outside 2 mm from the center (central core), which ensures 308 that the local mode is not contributing to the hemodynamic response. 309
Additionally, we restricted the velocity calculation to before the edge to ensure 310 we capture the waves and not additional sources. The instantaneous signal 311 phase was calculated using a Hilbert transform. To calculate Γ, we measured the 312 exponent of exponential signal decay along the signal wave front by linear 313
regression. 314 315
There is some variation in the wave parameters left and right of the stimulus 316 (towards and away from the fovea, respectively). It is likely that this arises from 317 changes in vascular density that follow changes in neural density as a function of 318 eccentricity. Here we have, however, restricted our analysis to the the average 319 between these two quantities as additional data is required to properly 320 investigate this variation. 
Results 339
Surface reconstruction of the BOLD response yielded a spatiotemporal HRF, 340 describing the response across (1) time, (2) space tangential to the cortical 341 surface, and (3) space perpendicular to the cortical surface, through cortical 342 depth. The response displays a number of notable properties that depend on 343 cortical depth (Fig. 2) . As expected, there is very little response modulation at z = 344 -0.8 mm (that is 0.8 mm below the gray/white boundary; Fig. 2, bottom panel) . At 345 more superficial depths (increasing z) the response is stronger and broader. 346
Moreover, at all depths much of the response propagates as a traveling wave, 347 evident as increasingly delayed BOLD changes away from the central response. 
Characterizing depth-dependent HRF properties 362
The spatiotemporal hemodynamic response thus varies through the depth of 363 gray matter. We quantified the spatial spread ∆x and the peak amplitude A of the 364 spatiotemporal HRF as a function of z by fitting a Gaussian to each individual 365 spatial profile at the peak time point 5-6 seconds following the onset of the BOLD 366 response (Fig. 3, top) . This analysis confirmed that both ∆x and A vary . This is not only true for the average response (Fig.  390 2, left) but can also be seen in the responses of individual subjects (cf. Fig. 2,  391 right). The hemodynamic waves can be characterized by two key parameters: 392 the hemodynamic velocity ν, which corresponds to the speed of the response 393 propagation, and the wave damping Γ, which describes the signal decay. In the 394 hemodynamic model, these parameters reflect basic properties of the physiology. 395
The velocity v depends on the average stiffness of cortical vasculature, while 396 damping Γ is attributed to blood viscosity and blood outflow. Note that in the 397 mean field, these are averaged quantities and the velocity parameter also 398 depends on the mean resistance of vessels as encapsulated by the dependence 399 on resting pressure. 400
401
We estimated ν and Γ at each cortical depth (Fig. 3, bottom) (Fig. 4) . 497
Moreover, we suggest that just as deconvolution is now standard for diffusion 498 (Tournier et al., 2004 ) and susceptibility imaging (Li et al., 2012) , its use (with a 499 spatiotemporal HRF model) should become standard for fMRI. 500 501 Figure 4 . Modeled spatiotemporal HRF plots vs. cortical depth relative to the 502 gray/white boundary, z. These plots were constructed using the empirically 503 derived velocity, damping, and amplitude estimates (Fig. 3) The spatiotemporal dynamics found in this study are consistent with a poroelastic 510 model of hemodynamics (Drysdale et al., 2010) . In particular, hemodynamic 511 waves were observed and could be characterized with velocity and damping 512 coefficients which are within predicted ranges (Aquino et al. 2014 At present there is still significant debate about the general feasibility of using 543 fMRI to infer depth-dependent neuronal activity. While in principle effects of 544 vessels from deeper cortical layers such as layer 4, passing through higher 545 cortical layers can be disentangled (Heinzle et al., 2016) , the spatial spread of 546 vascular responses is unclear. Our study here addresses spatial spread 547 tangential to the cortical surface and how it changes with cortical depth, but we 548 cannot characterize spatial spread orthogonal to the cortical surface, through the 549 depth of cortical layers. As such, the across depth variation in the spatiotemporal 550 HRF is currently modeled in a stratified fashion, using a set of independent HRF 551 profiles describing the structure of the response tangential to the surface at 552 different depths, z (Fig. 4) . Future work is required to connect these profiles by 553 incorporating across layer dynamics into the model. This appears to yield a reasonable approximation of the empirical response (cf. 589 Fig. 2) ; however, future work will be needed to take into account differences in 590 the underlying physiology that exists between the vascular arachnoid and the 591 cortical sheet 592 593
Conclusion
594
The spatiotemporal BOLD response to a simple visual stimulus propagates from 595 its source (i.e., the neuronal drive) through the surrounding vasculature. We 596 report how fundamental properties of the response vary as a function of cortical 597 depth. By quantifying spatiotemporal properties of the HRF tangential and 598 perpendicular to the cortical surface, we provide a characterization of an HRF 599 able to capture this variation, finding that the temporal and spatial responses are 600 fundamentally inseparable. Together with spatiotemporal deconvolution this lays 601 the foundation to infer depth-dependent neuronal activity, which importantly can 602 be related to cortical layers either through previous knowledge or careful co-603 registration with high-resolution structural MRI data. 604
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